Background and Purpose-It is unknown whether women and men with acute ischemic stroke respond similar to an antioxidant regimen administered in combination with thrombolysis. Here, we investigated the independent effect of sex on the response to uric acid (UA) therapy in patients with acute stroke treated with alteplase. Methods-In the Efficacy Study of Combined Treatment With Uric Acid and rtPA in Acute Ischemic Stroke (URICO-ICTUS) trial, 206 women and 205 men were randomized to UA 1000 mg or placebo. In this reanalysis of the trial, the primary outcome was the rate of excellent outcome at 90 days (modified Rankin Scale, 0-1, or 2, if premorbid score of 2) in women and men using regression models adjusted for confounders associated with sex. The interaction of UA levels by treatment on infarct growth was assessed in selected patients. .997). The interactions between treatment and serum UA levels (P<0.001) or allantoin/UA ratio (P<0.001) on infarct growth were significant only in women. Conclusions-In women with acute ischemic stroke treated with alteplase, the administration of UA reduced infarct growth in selected patients and was better than placebo to reach excellent outcome. Clinical Trial Registration-URL: https://clinicaltrials.gov.
T he ischemic brain is particularly vulnerable to oxidative stress as the result of its high consumption of oxygen, its rich content of iron and unsaturated lipids, and its low antioxidant capacity. 1 Uric acid (UA) is an end-product of the metabolism of purines and a potent antioxidant compound. 2 Its multiple effects include scavenging of hydroxyl radicals, hydrogen peroxide, and peroxynitrite, suppression of the Fenton reaction, and limitation of lipid peroxidation and free radical induced damage to DNA. 3, 4 Previous studies showed that UA protected cultured neurons against excitotoxic death, 5 improved the functional outcome, and reduced the amount of brain damage in experimental models of intraluminal, 5 or thromboembolic transient brain ischemia in male rodents. 6 Of note, UA formation in humans is accompanied by the emergence of free radicals, 7, 8 which may degrade the molecule to allantoin through nonenzymatic mechanisms. 9 Thus, the resulting allantoin/UA (AL/UA) ratio is considered a reliable marker of the oxidative stress burden in patients with various conditions. 10, 11 Recently, a systematic review and meta-analysis of 8131 patients with acute ischemic stroke showed that the endogenous serum UA levels had a protective effect on neurological outcome as patients with good outcomes had a higher serum UA levels than those with poor outcome at follow-up. 12 At the bed side, the Efficacy Study of Combined Treatment With Uric Acid and rtPA in Acute Ischemic Stroke (URICO-ICTUS) trial recently suggested that the addition of UA to thrombolytic therapy in patients with acute ischemic stroke improved the rate of excellent outcome compared with placebo in women, but not in men. 13 However, the URICO-ICTUS trial did not evaluate whether the greater efficacy of UA therapy observed in women could have resulted from unreported confounders including the sex effect on stroke pathophysiology. 14 In the early stages of the evaluation of neuroprotective therapies it is recommended to obtain evidence of the biological effect of the treatment under investigation. 15 These biomarkers may include the effect of the drug in circulating levels of molecules, such as oxidative stress biomarkers, or in the longitudinal change in infarct volume between treatment groups. 15 Infarct growth has been related to relevant clinical outcomes and may capture the effect of neuroprotective therapies, although further validation is required to be used as surrogate measure of clinical end points. 16 Here, we reanalyzed the URICO-ICTUS data to test the independent effect of sex in the clinical response to UA therapy. Moreover, we analyzed the effect of therapy on circulating markers of oxidative stress and on infarct growth.
Methods
The URICO-ICTUS methodology has been described in detail previously. 13, 17 In short, the trial was approved by local institutional review boards, and written informed consent was obtained from the patients or from legally acceptable surrogates. URICO-ICTUS was overseen by a data safety monitoring board, and it was registered with ClinicalTrials.gov (NCT00860366).
URICO-ICTUS Primary Study Hypothesis and Patient Population
The primary hypothesis of the URICO-ICTUS trial was that treatment with UA 1000 mg would increase the rate of excellent outcome at 90 days compared with placebo in patients with acute ischemic stroke treated with alteplase within 4.5 hours of symptom onset. Excellent outcome was defined as a modified Rankin Scale (mRS) of 0 to 1, in patients with a premorbid mRS score <2, or a mRS of 2, in patients with a premorbid mRS score equal to 2. Additional eligibility criteria were age ≥18 years, baseline National Institutes of Health Stroke Scale (NIHSS) >6 and <25, and premorbid mRS of <2. Exclusion criteria were history of gouty arthritis or nephropathy, recent intake of allopurinol or lithium, or serum creatinine levels >1.5 mg/dL.
Study Design and Conduct
URICO-ICTUS was a multicenter, double-blind, phase 2b/3 trial, where 421 patients were randomly allocated (1:1) to receive UA or placebo infused intravenously in 90 minutes during the infusion of alteplase. Of those, 411 were finally included in the target population of the study. Six patients with stroke mimics and 4 patients who did not start the experimental medication were excluded adhering to recommendations of the International Conference on Harmonisation Topic E9 (CPMP/ICH/363/96), International Conference on Harmonisation Topic E9 guidelines. 18 The study patients had a non-contrast computed tomography at baseline and at 36 hours and were admitted into stroke dedicated units. The vital signs and blood pressure were monitored at least for 24 hours, the neurological status was assessed with the NIHSS every 4 to 8 hours during the days of hospitalization, and the functional outcome was assessed with the mRS at 90 days by certified stroke neurologists. The qualifying stroke subtype was defined following the Trial of Org 10 172 in Acute Stroke Treatment criteria as large-artery atherosclerosis, cardioembolism, small-vessel occlusion, stroke of other determined cause, and stroke of undetermined cause. 19 Vascular risk factors were defined according to usual definitions, as previously reported.
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Efficacy Outcomes
The primary outcome measure of the current reanalysis of the URICO-ICTUS data was the rate of excellent outcome at 90 days in separate analyses for women and men. Secondary analyses included the correlations in women and men between serum UA and AL/UA ratio with infarct growth as measured using multimodal brain imaging.
Advanced Brain Imaging and Serum Biomarkers
Multimodal brain imaging was performed in 46 participants admitted into 1 prespecified study site, and serial blood samples were collected in 43 of these patients (samples were not available in 3 subjects for technical reasons). The advanced brain imaging protocol included the assessment of the following parameters: (1) the Alberta Stroke Program Early CT Score (ASPECTS) on baseline non-contrast computed tomography 20 ; (2) the nonviable tissue volume on computed tomographic perfusion at the end of alteplase 21 ; (3) the infarct volume on diffusion-weighted imaging brain magnetic resonance imaging at 72 hours 22 ; (4) the arterial patency on computed tomographic angiography, MR angiography, or digital subtraction angiography at the end of thrombolysis, and at 72 hours; and (5) the collateral score on computed tomographic angiography (Methods in the online-only Data Supplement). 23 Infarct growth was defined on brain imaging as the difference between 72-hour diffusion-weighted imaging infarct volume and baseline nonviable tissue volume on computed tomographic perfusion. Serum UA and allantoin were measured in blood samples collected before treatment onset, at 6 to 12 hours, at 48 hours, and at 90 days. 24 The AL/UA ratio and the percent change of serum UA from baseline values were also calculated (Methods in the onlineonly Data Supplement). The ancillary imaging and biomarker data were analyzed by investigators blinded to clinical information.
Statistical Methods
The URICO-ICTUS target population was divided into women and men. Baseline demographic features, risk factors, baseline biological findings, stroke subtypes, neurological course, and radiological findings were compared between the 2 sex groups. Continuous variables were reported as mean±SD or median with interquartile ranges and were compared with the Student t test, 1-way ANOVA, ANCOVA, Mann-Whitney, or Kruskal-Wallis tests as appropriate. Correlations were assessed with Pearson or Spearman coefficients, and categorical variables were compared with the χ 2 and Fisher exact tests. A treatment-sex interaction on the primary outcome was assessed in a model adjusted for treatment delay and the trial stratification factors (study site and baseline NIHSS score). Afterward, excellent outcome was estimated individually in women and men using separated binary logistic regression models adjusted for variables associated with sex and outcome in univariate analysis with a P value of <0.10. These variables were age, premorbid mRS, NIHSS score at randomization, stroke subtype, history of hypertension, dyslipidemia, coronary artery disease, smoking, alcohol intake, and creatinine on admission. The analyses were performed using SPSS Version 19.0 and the level of significance was established at the 0.05 level (2-sided).
Results
Main Characteristics of Women and Men in the URICO-ICTUS Trial
In this study, 206 women and 205 men had significant differences in demographics, risk factors, stroke subtypes, and clinical severity at baseline (Table 1) . At 90 days, 75 (36.4%) women and 74 (36.1%) men achieved an excellent outcome (P=0.301).
UA Therapy Was More Effective in Women
Excellent outcome at 90 days was increased in women treated with UA compared with men treated with UA ( Table 1) . The interaction between treatment (UA or placebo) and sex had a significant effect on the rate of excellent outcome (P=0.045), indicating that the effect of therapy on outcome Treatment and sex had a significant interaction with UA levels at 6 to 12 hours (P=0.026), serum allantoin at 6 to 12 hours (P=0.029) and at 48 hours (P=0.023), and the AL/UA ratio at 6 to 12 hours (P=0.034) and at 48 hours (P=0.028), respectively. The interactions remained significant after adjustment for the creatinine levels. In untreated patients, serum UA declined at 6 to 12 hours (P=0.298), 48 hours (P=0.010), and 90 days (P=0.030) after stroke onset, and the serum UA levels were lower in women than in men ( Figure 1A ). After UA therapy both sex groups had increased serum UA levels at 6 to 12 hours (P<0.001; Figure 1B ). Serum allantoin did not change over time in the placebo group and women had lower levels than men at 6 to 12 hours (P<0.040), and 48 hours (P=0.006), but not at 90 days (P=0.163; Figure 1C ). Women and men showed a significant rise in allantoin levels at 6 to 12 hours (P<0.001), 48 hours (P<0.001), and at 90 days (P=0.012) of UA therapy ( Figure 1D ). The AL/UA ratio did not differ significantly between women and men in the placebo group, but women had a greater AL/UA ratio than men at 6 to 12 hours of UA therapy (P=0.021; Figure 2 ). findings at baseline when compared with the whole population included in the URICO-ICTUS trial (data not shown). In this cohort, women and men also had similar brain imaging parameters at baseline and at follow-up (Table 2) , and there was no significant interaction between age and sex with regard to infarct growth (P=0.177).
Infarct Growth and Sex
The interaction between treatment and sex with regard to infarct growth was not significant (P=0.973). However, UA therapy was better than placebo to reduce infarct growth in women (Mann-Whitney, P=0.012), and not in men (MannWhitney, P=0.605; Figure 3 ). Correspondingly, there was a significant interaction between treatment and UA levels on infarct growth in women (P<0.001), but not in men (P=0.184). 
Discussion
The primary end point of this reanalysis of the URICO-ICTUS data showed that compared with placebo UA therapy doubled the rate of excellent outcome after acute ischemic stroke in women but not in men. Importantly, we identified a significant interaction between treatment (UA or placebo) and sex on the rate of excellent outcome and confirmed that this finding was also significant in multivariate models that accounted for the differences observed between women and men at study onset in demographics, risk factors, initial severity of stroke, and creatinine levels.
In the study, we did not find different rates of vessel recanalization after thrombolysis between women and men as previously suggested in some [25] [26] [27] but not all cohorts. 28, 29 Furthermore, the effect of UA therapy on functional outcome was assessed in models adjusted for stroke subtype, age, initial severity of stroke, and for the variable effects of risk factors. Therefore, it is sensible to think that the clinical response to UA therapy was heightened in women compared with that in men and that the effect of the experimental drug was not biased by a sex-dependent susceptibility to thrombolytic therapy or by unbalanced effects of clinical variables. The interaction between treatment and sex on infarct growth did not have sufficient statistical power but nevertheless the study found that infarct growth was decreased in women treated with UA, but not in men. In addition, UA therapy and the actual serum UA levels in treated patients had a significant interaction with infarct growth in women but not in men. Women, but not men, also showed reduced infarct growth Uric acid (UA) levels declined in patients treated with placebo but lower levels were observed in women at baseline (P=0.112), at 6 to 12 hours (P=0.109), at 48 hours (P=0.129), and at 90 days (P=0.017; A). Serum UA levels increased transiently after UA therapy in both sex groups (B). Serum allantoin did not change significantly over time in women and men treated with placebo (C), and after UA therapy increased similarly in both sex groups (D). Data are mean (95% confidence interval), milligram per deciliter of UA, or microgram per milliliter of allantoin, respectively. 
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in relation with a higher AL/UA ratio indicative of a greater nonenzymatic degradation of UA. On the whole, these findings supported that UA therapy reduced infarct growth more effectively in women than in men, although further study will be required to confirm these results in larger imaging cohorts. The time course of UA and allantoin in serum revealed sex differences that gave additional clues to understand the relative efficacy of UA therapy in women and men. Women had lower serum UA levels than men, in accord with the original URICO-ICTUS data 13 and previous descriptive series. 30 We now report that women also had lower serum allantoin levels, but interestingly women also had a greater AL/UA ratio than men during a time course that was consistent with the elimination half-life of UA therapy (44 hours). 24 Although these findings did not actually prove that free radical formation in vivo was increased in women compared with that in men, the results showed that women were more exposed to the effects of free radicals, as allantoin production in humans only results from free radicalmediated oxidation of UA.
9-11 Accordingly, we also argue that women obtained greater clinical benefits after UA replenishment than men because they were in a greater need of antioxidants as the result of their lower constitutional levels of UA.
We also believe that a lower UA-mediated antioxidant capacity in women could be a mechanism that might contribute to explain the more ominous course of stroke described in women than in men. 14, 31 It is increasingly recognized that stroke is a sexually dimorphic disease both experimentally and clinically, although these sex differences are still poorly understood. 32 Experimental data suggest the existence of sex-dependent pathways in cell death after ischemic stroke. 33 Namely, in males, cell death is triggered by poly (ADP-ribose) polymerase activation and nuclear translocation of apoptosis-inducing factor, 34 whereas caspase activation is the major pathway involved in women after experimental brain ischemia. 33 UA is a fundamental scavenger of peroxynitrite and it is well described that apoptosis is a typical consequence of low to moderate concentrations of peroxynitrite, 4 whereas exposure of cells to higher concentrations of the oxidant has been associated with necrosis. 35 In light of our findings, it can be speculated that sex-dependent mechanisms of cell death and their interaction with the antioxidant capacity were involved in the beneficial clinical response to UA therapy observed in women compared with men, but this possibility requires further study.
Limitations of the current study were the smaller cohort of patients who had multimodal brain imaging data to evaluate the course of the infarct, or serum samples collected for evaluation of the redox status using a larger battery of oxidative or antioxidant compounds other than UA and allantoin. However, it must be emphasized that UA is the most powerful extracellular antioxidant in human plasma, 36 and the AL/UA ratio is considered a useful oxidative marker. [9] [10] [11] Alternatively, other oxidative stress biomarkers have shown a more limited value. 37 Strong points of the current study were its randomized, double blind design, and that careful measures were taken to minimize the risk of bias including the assessment of sex in multivariate models adjusted for relevant confounders. Although the ancillary tests were performed in a smaller cohort of individuals, the study showed that these patients were representative of the whole study cohort. In conclusion, this exploratory reanalysis of the URICO-ICTUS trial highlighted the clinical value of the administration of UA in women with acute ischemic stroke who received thrombolysis within 4.5 hours of clinical onset. Given the major practical implications that could be derived in the field of acute ischemic stroke, larger confirmatory studies will be urgently required to confirm these encouraging results. 
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